Background and aims Onset of reproduction and reproductive allocation patterns are key components of plant reproductive strategies. Life history theory predicts that plants in adverse environments for juvenile performance start reproduction at smaller sizes and exhibit higher reproductive allocation compared to their counterparts in favourable environments. Life history theory will gain in generality if its predictions are shown to apply to a broad range of organisms and modes of reproduction. This study tested whether the asexual reproductive strategy of a lichenized fungus changed along a climatic gradient.
INTRODUCTION
Understanding the diversity of reproductive strategies (Stearns, 1992; Roff, 2002) within and across environments is a longstanding topic in plant life history research (e.g. Ohlson, 1988; Wesselingh et al., 1993 Wesselingh et al., , 1997 Welham and Setter, 1998; Méndez and Karlsson, 2004; Williams et al., 2015) . Previous studies have focused mainly on the onset of reproduction and reproductive allocation patterns, which are two key components of plant reproductive strategies and can strongly influence individual fitness and population dynamics (Stearns, 1992; Weiner et al., 2009; Williams et al., 2015) . Plants are organisms with indeterminate growth, so both age and size influence many aspects of their life history (e.g. Caswell and Salguero-G omez, 2013) . For example, the onset of reproduction is often sizedependent (Harper, 1977; Lacey, 1986) and reproductive allocation usually increases with increasing plant size above the threshold size for reproduction (Samson and Werk, 1986; Weiner et al., 2009) . The slope of this so-called reproductive allometry (Weiner et al., 2009) , or allometric slope, can be interpreted as a plant's efficiency at converting vegetative biomass into reproductive biomass (Weiner, 1988 ).
An allometric approach is needed to describe reproductive allocation and to compare reproductive allocation among populations that differ in size structures (Klinkhamer et al., 1992; Weiner et al., 2009) . When allometric slopes are similar across populations, y-intercepts allow a straightforward comparison of reproductive allocation among populations. However, allometric slopes often differ among populations (Méndez and Karlsson, 2004; Guo et al., 2012) and render y-intercepts meaningless (Zar, 1999) . In these cases, allometric slopes still can be interpreted in terms of conversion efficiency and, as such, are useful proxies of reproductive allocation at the population level. Thus, allometric slopes have become the rule comparative in studies of plant reproductive strategies across populations and species (e.g. Thomas, 1996; Méndez and Karlsson, 2004; Guo et al., 2012; Wenk and Falster, 2015) .
Life history theory predicts that organisms with indeterminate growth start reproduction at larger sizes in environments favourable for juvenile growth and survival, whereas environments offering less favourable conditions for early survival (e.g. resource shortage or disturbance) typically select for smaller sizes at first reproduction due to a reduced life expectancy (Stearns and Koella, 1986; Stearns, 1992) or reduced growth rates after plants are established (Kozłowski and Uchmanski, 1987; Kozłowski and Teriokhin, 1999; Bonser and Aarssen, 2009 ). In addition, Weiner (1988) and Schmid and Weiner (1993) predicted a negative relationship between the threshold size for reproduction and the slope of the reproductive allometry as a consequence of a trade-off in resource allocation. Adverse environments for juvenile performance should select for a smaller threshold size for reproduction and a higher reproductive allocation, and the opposite should occur in favourable environments for juvenile performance (Roff, 2002) . In plants, empirical intraspecific studies along environmental gradients generally support life history predictions for the onset of sexual reproduction (Ohlson, 1988; Wesselingh et al., 1993 Wesselingh et al., , 1997 Méndez and Karlsson, 2004; Williams et al., 2015) , but the onset of reproduction and reproductive allometry have rarely been analysed simultaneously (but see Schmid and Weiner, 1993; Méndez and Karlsson, 2004; Santos-del-Blanco et al., 2013) .
Life history theory predictions should ideally apply to a broad range of organisms. However, previous studies of the relationships between reproductive allocation patterns and environmental variation have focused mainly on animals (e.g. Kooijman and Lika, 2014) and angiosperms (e.g. Thomas, 1996; Méndez and Karlsson, 2004; Weiner et al., 2009) . Thus, studying life history predictions for fungi, the third major multicellular lineage, would increase generalization across taxonomic groups, physiological characteristics and environmental constraints. Obligate fungal symbiotic organisms such as lichens provide an excellent model group for this purpose. Lichens are organisms with indeterminate growth that also have a threshold size for the onset of sexual and asexual reproduction (Hestmark, 1992; Ramstad and Hestmark, 2001; Pringle et al., 2003; Hilmo et al., 2011 Hilmo et al., , 2013 and may show reproductive allometry (Ramstad and Hestmark, 2001; Pringle et al., 2003; Gregersen et al., 2006; Shimizu and Kubo, 2009 ). Very few studies have considered the intraspecific variation among populations in the threshold size for reproduction (but see Hilmo et al., 2011 Hilmo et al., , 2013 , and studies of the intraspecific variation in reproductive allocation in lichens along environmental gradients are equally scarce (e.g. Jackson et al., 2006) .
Moreover, predictions of life history theory are mainly applied to sexual reproductive strategies (Stearns, 1992; Roff, 2002) . However, latitudinal gradients are known to occur in asexual reproduction by tubers in some aquatic angiosperms (Pilon et al., 2003; Santamar ıa and Garc ıa, 2004) . It is also known that reproductive allocation of apomictic perennial plants responds to resource availability (Michaels and Bazzaz, 1989) . Nevertheless, to what extent life history theory predictions apply to other modes of reproduction other than sexual reproduction has rarely been tested. Thus, testing the predictions of life history theory using lichens with asexual reproduction would increase the explanatory power of life history theory and would provide novel insights on overlooked taxonomic groups and for modes of reproduction other than sexual reproduction.
In this study, we investigated intraspecific variation in the threshold size for asexual reproduction and subsequent allocation to asexual propagules in the epiphytic lichen Lobarina scrobiculata along a climatic gradient in the Iberian Peninsula, which is the southern limit of its distribution in Europe.
Lobarina scrobiculata can reproduce sexually, but it does so very rarely and asexual reproduction via symbiotic propagules is the most frequent mode of propagation (Smith et al., 2009; S. Merinero, pers. obs.) . In the study area, the abundance of this lichen increases with rainfall (Merinero et al., 2014) . Based on the predictions of life history theory, we hypothesized that L. scrobiculata starts to reproduce asexually at larger sizes and with lower allometric slopes in more favourable humid environments compared with adverse drier environments. The specific objectives of this study were: (1) to find out whether the threshold size for reproduction and reproductive allometry differed among populations in relation to climate; (2) to examine whether the slope of the reproductive allometry was negatively related to the threshold size for reproduction; and (3) to compare whether the variation in these two components of reproductive strategy along the climatic gradient fitted the general predictions of life history theory.
MATERIAL AND METHODS

Study species
Lobarina scrobiculata (Scop.) Nyl. ex Cromb. (Lobariaceae) is a widespread, foliose and mainly epiphytic cyanolichen (Fig. 1A) , which contains Nostoc as its main photobiont; thus, the activation of photosynthesis depends on the availability of liquid water (Lange et al., 1986) . This nitrogen-fixing lichen is a perennial, iteroparous species. Sexual reproduction via ascospores produced in apothecia is very rare (Smith et al., 2009; S. Merinero, pers. obs.) . The most frequent mode of reproduction is by large (50-100 mm) asexual symbiotic diaspores (soredia), where both the mycobiont and the photobiont disperse together (Bowler and Rundel, 1975) . Soredia occur on the thallus surface in distinct laminar and marginal areas called soralia (Fig. 1B) . Soralia are highly variable in size and, in contrast to the apothecia, they are difficult to delimit, and thus it is better to quantify them using the surface area instead of their number. After they appear, soralia remain permanently on the thallus surface where they are presumably functional until the lichen dies. Therefore, they indicate the accumulated asexual reproductive allocation during a lichen's lifespan. In boreal forests the onset of asexual reproduction in L. scrobiculata is sizedependent (Hilmo et al., 2011 (Hilmo et al., , 2013 Larsson and Gauslaa, 2011) and the estimated generation time (i.e. the time it takes for a soredium to develop into an asexually reproducing thallus) ranges between 15 and 22 years (Larsson and Gauslaa, 2011) . A trade-off between growth and asexual reproduction has been found (Larsson and Gauslaa, 2011) .
Study area and sampling method
We selected 18 populations of L. scrobiculata along a latitudinal gradient spanning approx. 800 km, which included the high climatic heterogeneity of the Iberian Peninsula ( Fig. 1C ; Table 1 ). The sites were representative of the forests where this species occurs, which mainly comprised Quercus spp. (populations 4-18) and Fagus sylvatica L. trees (populations 1-3) (Table 1 ; for further details see Merinero et al., 2014) . In each site, we recorded the annual, summer and winter rainfall (mm), and the mean annual temperature ( C) (taken from CLIMOEST; S anchez-Palomares et al., 1999) ( Table 1 ). The latitude, longitude and altitude were recorded in situ using a GPSmap 60CSx (Table 1) . The study populations included a wide range of topographic and climatic conditions (Table 1) . Altitude ranged from 290 to 1353 m a.s.l., mean annual temperature from 7Á5 to 18 C and annual rainfall from 638 to 1753 mm (Table 1) . Summer rainfall was particularly scarce in populations 6-18 (Table 1) . Mean annual temperature decreased with increasing latitude (Pearson's correlation coefficient r ¼ -0Á75, P < 0Á001, n ¼ 18) and summer rainfall increased as the latitude increased (r ¼ 0Á72, P < 0Á001, n ¼ 18). However, annual rainfall was not correlated with latitude, probably because the southernmost localities (i.e. populations 17 and 18) were extremely rainy due to topographic factors (Table 1) .
Field surveys were performed from October 2009 to July 2012. At each site, we randomly established a 100 Â 30 m plot. All of the L. scrobiculata individuals found on standing trees within each plot were counted up to a height of 2 m on the tree trunks because this species rarely occurs above this height in the study region (Merinero et al., 2014) . We considered that 'individuals' comprised all of the clearly distinguishable lichen thalli, which were spatially separated from others (e.g. Hilmo et al., 2011 Hilmo et al., , 2013 Merinero et al., 2014) . We measured the largest diameter of each individual (mm; hereafter lichen size) and estimated reproductive allocation by quantifying the percentage (in intervals of 5 %) of the individual's surface area covered by soralia (%). We assessed the relationship between the lichen surface area (mm 2 ) and size (mm) based on photographs of 200 randomly selected individuals from population 9, in which the lichen sizes ranged from 5Á6 to 171 mm. The fitted power regression for this relationship was: Lichen surface area ¼ 0Á6188 Â Lichen size 1Á8422 (R 2 ¼ 0Á95; P < 0Á001). Based on this strong relationship, the somatic lichen surface area (S) and the area covered by soralia, i.e. the reproductive surface area (R), were calculated for reproductive individuals. We used the term 'somatic' instead of 'vegetative', which is usual in plant studies, because the latter usually refers to asexual reproduction in studies of fungi.
Statistical analyses
We used ANOVAs to test for differences in mean individual size and mean reproductive allocation among populations. Table 1 . Photos courtesy of Gilfernando Giménez.
In each population we estimated the probability of reproduction (p) as a function of individual size (x) using the logistic formula:
/(1þe (lþax) ) (Klinkhamer et al., 1987; Hesse et al., 2008) , where the parameters l and a are the intercept with the y-axis and the slope of the curve, respectively (Klinkhamer et al., 1987; Hesse et al., 2008) , which were obtained using generalized linear models (GLMs) with a binomial error structure. The threshold size for reproduction was estimated as TS 50 , i.e. the size at which the probability of reproduction was 0Á5, by setting p ¼ 0Á5 and solving for x in the formula given above.
To estimate the reproductive allocation of L. scrobiculata in each population, we determined the R-S relationship using the classical allometric model (Klinkhamer et al., 1992) : R ¼ aS b , which is usually fitted as a log-log relationship, i.e. log R ¼ log a þ b log S, where a is the 'allometric coefficient' or y-intercept and b is the 'allometric slope'. Only reproducing individuals were included in this analysis. We used model II regressions (standardized major axis; SMA) because this method is more appropriate for fitting allometric data and estimating parameters when the variables x and y are measured with error, so the aim is to describe (not to predict) the relationship between the variables (Warton et al., 2006) . We compared the slopes of the regressions among populations in multiple post hoc comparisons. Residuals vs. predicted values were checked for normality. All of the SMA analyses were computed using the smatr R package (Warton et al., 2012) .
Finally, we tested the relationships between the threshold size for reproduction (TS 50 ), the allometric slope (b) as well as between TS 50 and b with the climatic variables using simple least squares regressions. Before modelling, we used Pearson's correlation coefficients to examine multicollinearity among climatic variables and only uncorrelated variables (r > 0Á7, P > 0Á05; Dormann et al., 2013) were included in the regression analyses. All of the statistical analyses were performed using R version 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria). We report in the text the mean values 6 1 s.e. and the significance level for all analyses was P < 0Á05.
RESULTS
In total, 9665 L. scrobiculata individuals were recorded, among which 3048 were reproductive ( Table 2 ). The proportion of reproductive individuals varied greatly among populations (Table 2) . Mean individual size differed significantly among populations (Table 2 ; ANOVA, F 17,9647 ¼ 100Á35, P < 0Á001). The smallest reproductive individual measured 6 mm (population 8) and the largest juvenile was 200 mm (population 7). The mean size of reproductive individuals differed among populations (Table 2 ; ANOVA, F 17,3030 ¼ 28Á88, P < 0Á001) and it was not correlated with environmental variables (data not shown). The reproductive allocation of reproductive individuals ranged from 1 to 90 % of soralia cover. Mean reproductive allocation was < 25 % and it significantly differed among populations (Table 2 ; ANOVA, F 17,3030 ¼ 25Á80, P < 0Á001).
The probability of reproduction increased with individual size in all populations (GLMs, P < 0Á001; data not shown). The threshold size for reproduction varied greatly among populations by up to six times (Table 2; Fig. 2) , and it increased significantly with annual rainfall (Fig. 3A) . In all populations, the allometric relationship between log R and log S was significantly positive ( Fig. 4; Supplementary Data Fig. S1 and Table  S1 ). The post hoc multiple comparisons detected significant differences in slopes among populations (Supplementary Data  Table S2 ). The estimated allometric slopes decreased significantly with increasing annual rainfall (Fig. 3B) . The relationship between allometric slope and TS 50 was not significant (Pearson's correlation coefficient r ¼ -0Á26, P ¼ 0Á298, n ¼ 18). 
DISCUSSION
This study examines for the first time the changes in the reproductive strategy of a lichenized fungus along a wide climatic gradient in terms of life history theory. We detected a consistent increase in the threshold size for reproduction and a decrease in the reproductive allometric slope with increasing annual rainfall for Lobarina scrobiculata. These novel results on an asexually reproducing lichen agree with the predictions of life history theory across environmental gradients, thereby providing a substantial extension of the explanatory power of life history theory initially formulated for sexual reproductive strategies in plants and animals. Our findings showed that the threshold size for reproduction (TS 50 ) by L. scrobiculata was higher in favourable rainy environments but it decreased in drier, unfavourable locations ( Fig. 3A) . This is consistent with the qualitative predictions of life history theory that expect smaller threshold size for reproduction in habitats adverse for juvenile performance (Stearns and Koella, 1986; Kozłowski and Uchmanski, 1987; Stearns, 1992; Kozłowski and Teriokhin, 1999) . Similarly, in sexually reproducing plants, smaller threshold sizes for reproduction have been documented under drought stress, such as in annual plants (Aronson et al., 1992) and trees (Santos-del-Blanco et al., 2013), and they have been predicted for perennial orchids in scenarios with increasingly frequent extreme droughts (Williams et al., 2015) . These studies suggest that starting reproduction at smaller sizes in adverse and stressful environmental conditions may be an adaptive response that maximizes fitness under drought stress. By contrast, starting reproduction at a larger size in favourable rainy environments may be advantageous because larger reproductive individuals have higher potential reproductive output (Bonser and Aarssen, 2009; Weiner et al., 2009) . A smaller TS 50 may have been selected for in drier locations through several mechanisms. One possibility is a reduced adult lifespan in dry locations, where a smaller TS 50 would allow the production of propagules despite a shorter life cycle (Kozłowski and Uchmanski, 1987; Stearns, 1992) . For instance, a smaller threshold size for reproduction was correlated with a shorter generation time in populations of an asexually reproducing plant (Pilon et al., 2003; Santamar ıa and Garc ıa, 2004) . Differences in growth rates across the rainfall gradient constitute an alternative explanation for the variation in TS 50 among populations. In plants, poor environments may select for slow growth rates of established individuals, leading to longer species life cycle (Bonser and Aarssen, 2009) . Growth rates of L. scrobiculata are expected to be faster in rainier locations because cyanolichens need liquid water to activate photosynthesis (Lange et al., 1986) . A comparison of the growth rates and TS 50 across populations in contrasting habitats supports this prediction: faster growth rates and onset of reproduction with larger sizes in the more humid habitat were found, and the opposite results were found in the drier habitat (Merinero et al., in press ). Similar evidence exists for angiosperms, where faster relative growth rates were related to a greater threshold size for reproduction (Young, 1985; Lacey, 1986; Wesselingh et al., 1997) .
According to an allometric approach, the slope of the reproductive vs. somatic (log R-log S) biomass relationship indicates how efficiently stored or acquired resources are converted into reproductive structures across plant sizes within a population or species (Weiner, 1988) . They can be interpreted as analogous to reaction norms and inform on the prospects of increasing reproductive allocation with an increase in a size unit. Thus, a relatively flat allometric slope indicates a similar allocation to reproduction at all sizes while a higher allometric slope translates into a greater allocation of resources to reproduction at larger sizes. We found significant heterogeneity in the allometric slopes among populations, thereby suggesting differences in the amount of resources allocated to reproduction across lichen sizes. Interestingly, the allometric slopes of L. scrobiculata populations increased significantly with dryness ( Fig. 3B) , indicating greater reproductive allocation in adverse environments, as expected according to life history theory. Several studies in plants found a higher investment in reproduction as a plastic/ adaptive response to stress (e.g. Chiarello and Gulmon, 1991 , and references therein; Aronson et al., 1993; Welham and Setter, 1998; Santos-del-Blanco et al., 2013) , as well as a response to higher probability of mortality for large reproductive individuals (Aronson et al., 1992 (Aronson et al., , 1993 Wesselingh et al., 1997; Welham and Setter, 1998) . We lack data on mortality rates, but our results suggest that populations of L. scrobiculata may enhance their probability of persistence by early reproduction and increased propagule pressure in dry locations because the establishment conditions are harsher (Merinero et al., 2014) .
Overall, our results support the applicability of life history theory at the intraspecific level in an asexually reproducing lichen along a wide climatic gradient. Lobarina scrobiculata populations exhibited smaller threshold size for reproduction and intense reproductive allocation in drier locations, which is presumably correlated with slower growth rates or high adult mortality rates induced by dryness, whereas we found the opposite set of reproductive traits in the more rainy locations. A negative relationship is expected between TS 50 and allometric slope (Weiner, 1988; Schmid and Weiner, 1993) , but this relationship was not significant in our study. This agrees with the only two previous studies that tested this relationship (Schmid and Weiner, 1993; Méndez and Karlsson, 2004) . Correlations with climatic factors have a considerable amount of noise, and thus larger sample sizes may be needed to test the relationship between the threshold size for reproduction and allometric slope.
Research into the intraspecific life history variation of cryptogams is still in its infancy despite several valuable pioneering studies (Cousens, 1988; DeWreede and Klinger, 1988; Mishler, 1988) . Using a lichen species as a model organism, we demonstrated the high applicability and strong explanatory power of the predictions of life history theory regarding reproductive strategies. The allometric variation in the key components of reproductive strategies can be estimated in lichens (e.g. and we expect that similar studies can be performed in other cryptogams (e.g. Å berg, 1996; Hedderson and Longton, 2008) . More importantly, the present study indicates that the predictions of life history theory apply to asexual reproduction as well as to sexual reproduction. It is probably that our results fit these predictions because we have considered a type of asexual reproductive strategy analogous to sexual strategies in plants, in a way that both strategies consist of a release of propagules. For this reason, although life history theory predictions seem to be valid for some asexually reproducing plants (Pilon et al., 2003; Santamar ıa and Garc ıa, 2004) , the extent to which life history predictions are applicable to asexual reproduction in angiosperms and cryptogams deserves further research.
In conclusion, this study provides the first evidence for variation in the reproductive strategy of an asexually reproducing lichen along a climatic gradient. The smaller threshold size for reproduction together with the greater reproductive allocation in drier locations agree with the general predictions of life history theory for sexual reproductive strategies. Disentangling the mechanisms underlying the observed reproductive patterns requires long-term studies comparing demography and life cycle length along environmental gradients. The results of the present study greatly improve our understanding of reproductive strategies in overlooked taxa such as lichens, thereby providing insights into the life history of these obligate symbiotic organisms. More importantly, this study broadens the scope of life history theory among taxonomic groups because the patterns of this asexually reproducing lichenized fungus are consistent with those documented previously in sexual reproducing plants and animals.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : allometric log R -log S relationships in the 18 populations of Lobarina scrobiculata along a climatic gradient. Table S1 : summary of the allometric slopes and intercepts from standardized major axis regressions in 18 populations of Lobarina scrobiculata along a climatic gradient. Table S2 : multiple comparisons of allometric slopes among the 18 populations of Lobarina scrobiculata along a climatic gradient.
